Introduction
============

CAL ([Figure 1](#F1){ref-type="fig"}) is a well-known component of *Cinnamomi cortex* and *C. ramulus* ([@B7]; [@B9]). The plant phenolic CAL is used as a fragrance ingredient and has antipyretic and antiproliferative effects ([@B19]; [@B8]; [@B23]). A recent report also demonstrated its vasodilatory activity ([@B10]). However, vasodilation as a mechanism for its antihypertensive effect has not been investigated.

High blood pressure is closely related to hypertension, arrhythmia, heart failure, and atherosclerosis. For this reason, regulation of vascular tone is very important in the treatment of hypertension-induced vascular diseases. Vascular dilation by relaxation of smooth muscle cells in the blood vessels is an effective means of lowering high blood pressure ([@B28]; [@B6]).

In particular, endothelium-derived nitric oxide (NO) has an important role in the regulation of vascular smooth muscle tension ([@B32]). NO is produced by endothelial nitric oxide synthase (eNOS) and diffuses to smooth muscle ([@B24]; [@B32]) where it then interacts with soluble guanylyl cyclase (sGC). Activation of sGC by NO stimulates the generation of guanosine 3\',5\'-cyclic monophosphate (cGMP) from guanosine triphosphate (GTP) ([@B11], [@B12]). cGMP consequently activates cGMP-dependent protein kinase (PKG) ([@B27]; [@B25]), which stimulates vascular relaxation through activation of K^+^ channels or inhibition of Ca^2+^ sensitization by activating myosin light-chain (MLC) phosphatase ([@B30]; [@B2]; [@B16]; [@B3]).

Four types of K^+^ channels in arterial smooth muscle have been identified, voltage-dependent K^+^ channels, Ca^2+^-activated K^+^ channels, inward rectifier K^+^ channels, and ATP-sensitive K^+^ channels, which regulate a variety of vasoactive signals by changing the membrane potential ([@B17]; [@B22]). In addition, activation of MLC phosphatase through NO-cGMP-PKG signaling is involved in the inhibition of Ca^2+^ sensitization by Rho-kinase signaling ([@B18]; [@B30]; [@B16]).

In the present study, we demonstrate the vasodilatory effects of CAL and its mechanism in rat thoracic aorta.

Results
=======

Cytotoxicity of CAL in HASMCs and HUVECs
----------------------------------------

To examine the cytotoxicity of CAL in HASMCs and HUVECs, we performed the XTT assay. HASMC and HUVEC cells were treated with CAL (0.4, 0.6, 1 or 2 mM) for 24 h and the cell viability was evaluated. As shown in [Figure 2](#F2){ref-type="fig"}, CAL did not produce any significant cytotoxicity in the cells and this concentration range was appropriate for subsequent experiments.

Endothelium-dependent vasodilation with CAL
-------------------------------------------

To demonstrate the endothelium dependency of the vasodilatory efficacy of CAL, we measured the changes of the tension in endothelium-intact and -denuded aortas following cumulative treatment with CAL. Each group was treated with 0.2 mM, 0.4 mM, 0.6 mM, 1 mM or 1.5 mM CAL. The vasodilatory effect of CAL increased in a concentration-dependent manner. However, in endothelium-denuded aortas, the overall effect of CAL was decreased significantly to 3.1 ± 5.4% from 18.6 ± 7.8% at 0.2 mM, to 7.3 ± 6.2% from 31.8 ± 6.8% at 0.4 mM, to 9.2 ± 8.5% from 45.8 ± 6.8% at 0.6 mM, to 15.2 ± 6.4% from 63.2 ± 4.1% at 1 mM and to 17.3 ± 8.8% from 82.4 ± 4.2 at 1.5 mM ([Figure 3A](#F3){ref-type="fig"}). Pre-incubation of endothelium-intact strips with the NOS inhibitor [L]{.smallcaps}-NAME significantly reduced the CAL-induced relaxation, with a maximal relaxant effect of 17.8 ± 9.2% at 1.5 mM CAL compared with control (85.8 ± 6.2%; [Figure 3B](#F3){ref-type="fig"}).

To more accurately investigate the relationship between CAL treatment and GC activation, we measured the changes in tension in aorta pretreated with sGC inhibitors MB, ODQ or the particulate guanylyl cyclase (pGC) activator ANP following cumulative treatment with CAL. In aorta pretreated with 10^-5^ M MB or 10^-6^ M ODQ, the overall effect of CAL was significantly decreased to 0% and 0% from 3.2 ± 5.4% at 0.2 mM, to 5.6 ± 4.0% and 2.2 ± 3.2% from 13.8 ± 5.8% at 0.4 mM, to 6.4 ± 4.2% and 6.2 ± 5.6% from 28.1 ± 10.2% at 0.6 mM, to 11.2 ± 3.6% and 11.2 ± 7.6% from 45.2 ± 9.8% at 1 mM, and to 12.7 ± 5.8% and 19.2 ± 3.2% from 66.4 ± 6.1 at 1.5 mM ([Figure 3C](#F3){ref-type="fig"}); 10^-8^ and 10^-9^ M ANP did not affect the vasodilatory effect of CAL ([Figure 3D](#F3){ref-type="fig"}).

Effects of CAL on eNOS expression and NO generation
---------------------------------------------------

To study the effects of CAL on NO generation in the aorta, the phosphorylated eNOS and nitrite levels were measured. In endothelial cells, the increase of NO by eNOS activation is considered the most important factor for remedy of vascular dysfunction such as atherosclerosis and hypertension ([@B4]). Therefore, we measured the levels of phosphorylated eNOS (p-eNOS) at Ser^1177^ in CAL-treated aortas. Ach or CAL treatment increased the p-eNOS in the presence of PE, and the increased p-eNOS was reduced by addition of [L]{.smallcaps}-NAME with CAL, while total eNOS expression was not altered in any group ([Figure 4A](#F4){ref-type="fig"}).

Measurement of NO concentration is difficult because of the short half-life of gaseous NO. The assay kit indirectly and accurately detects the level of NO by measuring nitrite, which is a precursor of NO in living tissue ([@B34]). Nitrite concentration in CAL-treated aortas increased to 10.2 ± 0.5 µM at 0.4 mM CAL and 10.7 ± 0.5 µM at 0.6 mM CAL compared with normal (8.2 ± 0.5 µM) ([Figure 4B](#F4){ref-type="fig"}). The positive control Ach increased nitrite concentration to 11.2 ± 0.3 µM.

Effect of CAL on cGMP production
--------------------------------

To determine whether CAL treatment induces cGMP production in aortic strips, the accumulation of cGMP was measured. Incubation of aorta strips with CAL significantly increased the accumulation of cGMP in a dose-dependent manner compared with the PE group. Ach and [L]{.smallcaps}-NAME were used as positive and negative controls. CAL-induced cGMP was inhibited by [L]{.smallcaps}-NAME addition. As shown in [Figure 5](#F5){ref-type="fig"}, each group produced cGMP: PE, 1.1 ± 0.82 pmol/g; Ach, 4.76 ± 0.69 pmol/g; 0.4 mM CAL, 3.27 ± 0.79 pmol/g; 0.6 mM CAL, 4.36 ± 1.18 pmol/g; [L]{.smallcaps}-NAME, 0.72 ± 0.68 pmol/g; [L]{.smallcaps}-NAME + 0.6 mM CAL, 0.43 ± 0.20 pmol/g.

Effect of CAL on PKG1 levels
----------------------------

cGMP is involved in the relaxation of vascular smooth muscle *via* PKG ([@B30]). Therefore, we measured the PKG1 levels to determine whether the production of cGMP by CAL is related to PKG1 expression. Similar to Ach, 0.6 mM CAL increased the PKG1 level, but the increase in PKG1 levels was inhibited by [L]{.smallcaps}-NAME pretreatment ([Figure 6A](#F6){ref-type="fig"}).

PKG induces vasodilation by inhibiting Ca^2+^ sensitization and/or activation of K^+^ channels ([@B30]; [@B25]; [@B3]). To determine the downstream pathway of PKG-dependent vasodilation by CAL, we measured the tension in the presence of Rho-kinase activator or K^+^ channel inhibitors. Vascular tension induced by the Rho-kinase activator calpeptin (0.5 *g*) was significantly reduced by 0.6 mM CAL (0.24 ± 0.16 *g*) or Rho-kinase inhibitor Y-27632 (0.08 ± 0.36 *g*) ([Figure 6B](#F6){ref-type="fig"}). On the other hand, pretreatment with Gli (10^-5^ M) and 4-AP (2 × 10^-4^ M) reduced the vasodilatory effect of 0.6 mM CAL to 22 ± 5.44% and 23 ± 4.86% from 53 ± 2.24%; however, TEA (10^-3^ M) had no effect ([Figure 6C](#F6){ref-type="fig"}).

Discussion
==========

The twig of *Cinnamomum cassia* is known as *Cinnamomi ramulus* (CR) and has traditionally been used to improve blood circulation in vascular disease. CR contains cinnamaldehyde, cinnamic acid and cinnamyl alcohol (CAL) as the main ingredients ([@B9]). Recently, we elucidated that CR relaxes vascular contraction through the inhibition of voltage-dependent Ca^2+^ channels and the downregulation of the Rho-kinase pathway ([@B15]; [@B14]). However, the possible vasodilatory efficacy of the ingredients remains to be examined.

The present study investigated the endothelium-dependent vasorelaxation of CAL in an organ bath system. The detailed mechanisms were further explored by measurement of NO level and by verification of the NO-related signal pathway.

Vascular tension plays an important role in blood pressure control. High blood pressure has been suggested to involve the abnormal reduction of endothelium-dependent vasodilators such as NO and prostacyclin in the vascular tissue. Therefore, the release of endothelium-derived relaxing factor NO is important for controlling blood pressure.

The antipyretic effect and low toxicity of CAL is well known ([@B8]), and the present study revealed no cytotoxic effects in the XTT cell viability assay of HASMCs and HUVECs at concentrations of 0.4-2 mM CAL. The vasodilatory effect of CAL is dependent on endothelium because NOS inhibitor [L]{.smallcaps}-NAME and sGC inhibitors MB or ODQ reduced the endothelium-dependent vasorelaxation by CAL. NO is a biological mediator of vascular relaxation and is produced by NOS. Among the NOS, the regulation of eNOS activity is important for vascular relaxation, which results in a decrease of high blood pressure ([@B11], [@B12]; [@B25]). CAL induces NO generation by phosphorylation of eNOS (p-eNOS) at Ser^1177^ in HUVECs. The p-eNOS level with 0.6 mM CAL treatment was similar to that with Ach and was inhibited with [L]{.smallcaps}-NAME (10^-4^ M). These results were consistent with the nitrite production, a precursor of NO, following CAL treatment, explaining NO production by eNOS activation.

NO interacts with sGC and then converts GTP to the second messenger cGMP, resulting in blood vessel dilation ([@B21]; [@B26]). Therefore, sGC activation is important for regulation of blood pressure through cGMP. In the present study, sGC inhibitors MB or ODQ significantly decreased the vasodilatory efficacy of CAL, but the particulate guanylyl cyclase (pGC) activator ANP did not affect vasodilation by CAL. These results suggest that CAL elevates cGMP levels *via* activation of sGC. In addition, 0.6 mM CAL significantly increased cGMP production to a level similar to that induced by Ach. The increase of cGMP level was inhibited by [L]{.smallcaps}-NAME, suggesting the involvement of cGMP in the vasorelaxation mechanism of CAL.

Induction of cGMP by sGC increases the PKG level, and cGMP binds to PKG through a conformational change ([@B5]; [@B33]; [@B1]). Activation of PKG by cGMP stimulates vasodilation by decreasing intracellular cytosolic Ca^2+^ concentration through the activation of K^+^ channels and decreasing Ca^2+^ sensitization by activation of MLC phosphatase *via* inhibition of the RhoA/Rho-kinase pathway ([@B31]; [@B29]; [@B20]; [@B18]; [@B3]).

As mentioned above, PKG exerts its vasodilatory activity through a variety of pathways in the regulation of vascular tone. Similar to Ach, CAL upregulates the expression of PKG1. However, this increase was reduced by [L]{.smallcaps}-NAME treatment. Furthermore, the vasodilatory effect of CAL was decreased by treatment with the ATP-sensitive K^+^ channel inhibitor Gli and the voltage-dependent K^+^ channel inhibitor 4-AP, but the Ca^2+^-activated K^+^ channel inhibitor TEA had no effect. In addition, CAL significantly relaxed the vasoconstriction induced by the Rho-kinase activator calpeptin, suggesting a reduction of Ca^2+^ sensitization *via* Rho-kinase.

Taken together, these results suggest that the endothelium-dependent vasodilation by CAL is closely related to the activation of K^+^ channels and to the inhibition of Rho-kinase, which reduce intracellular cytosolic Ca^2+^ levels and inhibit Ca^2+^ sensitization *via* the NO-cGMP-PKG pathway in rat thoracic aorta.

Methods
=======

Materials
---------

Male Sprague-Dawley rats, weighing 320 to 350 g, were purchased from SAMTAKO (Osan-si, Korea) for preparation of thoracic aortic strips.

First, antibodies against phosphorylated eNOS (p-eNOS), eNOS, PKG1, β-actin, and anti-rabbit or -goat secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Cinnamyl alcohol (CAL), phenylephrine (PE), acetylcholine, 1 H-\[1,2,4\]-oxadiazolole-\[4,3-a\] quinoxalin-10one (ODQ) and atrial natriuretic peptide (ANP) were purchased from Sigma-Aldrich (St. Louis, MO). N^G^-nitro-[L]{.smallcaps}-arginine methyl ester ([L]{.smallcaps}-NAME), methylene blue (MB), glibenclamide (Gli) and calpeptin were purchased from Calbiochem (San Diego, CA). Each drug was prepared in dimethyl sulfoxide. All drugs were diluted in Krebs solution (NaCl, 115 mM; KCl, 4.7 mM; CaCl~2~, 2.5 mM; MgCl~2~, 1.2 mM; NaHCO~3~, 25 mM; KH~2~PO~4~, 1.2 mM; and dextrose, 10 mM) in an organ bath.

XTT Cell Proliferation, cGMP direct immunoassay, and NO detection kits were purchased from Roche Applied Science (Mannheim, Germany), Abcam (Cambridge, UK), and iNtRON Biotechnology (Seongnam-si, Korea), respectively.

Cell culture
------------

HASMCs were maintained in smooth muscle cell medium SmGM-2 (Lonza, Walkersville, MD) with supplements provided by the supplier. HUVECs were cultured in EGM-2 Bulletkit (Lonza, Walkersville, MD) under standard culture conditions (37℃, 95% humidified air and 5% CO~2~). Cells in the 9th-12th passage were used in all experiments. The medium was changed every two days, and HASMCs and HUVECs were grown to 80-90% confluence and made quiescent by starvation for at least 24 h prior to the experiments.

Proliferation assay
-------------------

Cell proliferation was assessed using a colorimetric assay system (XTT Cell Proliferation Kit). HASMCs and HUVECs (2 × 10^4^ cells/well) were plated in each well of 96-well plates and incubated at 37℃ in a humidified atmosphere of 5% CO~2~, 95% air for 24 h. The attached cells were treated with 0.4, 0.6, 1, or 2 mM CAL for 24 h. Fifty microliters of XTT solution was added to each well. After incubation for 4 h, the colorimetric absorbance was measured at 450 nm (reference wavelength at 670 nm) using a microplate reader (Molecular Devices, Sunnyvale, CA). Cell proliferation was expressed as a percentage of normal controls.

Organ bath study
----------------

The investigations were performed according to protocols approved by the Institutional Animal Care and Use Committee of Dongguk University. Sprague-Dawley rats were provided with food and water *ad libitum* and allowed to adapt to the experimental conditions (temperature, 21 ± 2℃; humidity, 50-60%) for 1 week.

Tension was measured by a modification of a previously described procedure ([@B13]). Briefly, animals were anesthetized by inhalation of evaporated ether in the desiccators. The thoracic aorta was immediately excised and immersed in ice-cold Krebs solution. The aorta was cleaned of all adherent connective tissue with wet filter paper and cut into six ring segments (3 mm in length). Two stainless-steel triangles were inserted through each vessel strip. One triangle was anchored to a stationary support, and the other was connected to a FT03 isometric force transducer (Grass, Quincy, MA). Each vessel strip was equilibrated in a water-jacketed organ bath (10 ml) for at least 50 min; the Krebs solution in the bath was maintained at 37℃ and aerated with a mixture of 95% O~2~ and 5% CO~2~. Each strip was stretched passively by imposing an optimal resting tension of approximately 2.0 *g*, which was maintained throughout the experiment. Isometric tension was recorded using a PowerLab/8SP computerized data acquisition system (ADInstruments, Castle Hill, NSW, Australia).

To study the endothelium dependency, the integrity of aortic strips with and without endothelium was checked by addition of 1 µM Ach to strip contracted by 1 µM PE treatment. After washing, aortic strips with and without endothelium were re-contracted by PE treatment. When the contraction reached a plateau, CAL was added to the bath cumulatively. To study the endothelium-dependent relaxation through the NO-cGMP pathway, aortic strips with endothelium were pretreated with [L]{.smallcaps}-NAME (10^-4^ M), ODQ (10^-6^ M), ANP (10^-8^ or 10^-9^ M) or MB (10^-5^ M) for 30 min and then contracted by treatment with PE. When the contraction reached a plateau, CAL was added to the bath by the same schedule described above.

To study the PKG-dependent relaxation mechanism of CAL, the tension change was measured in the presence of the Rho-kinase activator calpeptin (100 µg/ml), the ATP-sensitive K^+^ channel inhibitor glibenclamide (Gli, 10^-5^ M), the voltage-dependent K^+^ channel inhibitor 4-aminopyridine (4-AP, 2 × 10^-4^ M) or the Ca^2+^-activated K^+^ channel inhibitor tetraethylammonium (TEA, 10^-3^ M). When the contraction reached a plateau by calpeptin treatment, CAL was added to the bath cumulatively. To K^+^ channel inhibition, PE-contracted rat aortic strips were pretreated with Gli, 4-AP or TEA.

Preparation of protein extracts and western blot analysis
---------------------------------------------------------

HUVECs were treated with 1 µM Ach, 0.4, 1 mM CAL, and 1 mM CAL+[L]{.smallcaps}-NAME for 4 h. Total protein extracts were harvested using cell lysis buffer containing a protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN). Aortic strips were contracted with PE (1 µM) followed by the addition of 1 µM Ach, 1 mM CAL, [L]{.smallcaps}-NAME, or 1 mM CAL + [L]{.smallcaps}-NAME for 30 min. The aortic strips were quick-frozen by immersion in liquid nitrogen. The frozen strip samples were homogenized in buffer containing 320 mM sucrose, 50 mM Tris, 1 mM EDTA, 1% Triton X-100, 1 mM dithiothreitol, and the following protease inhibitors: leupeptin (10 µg/ml), trypsin (10 µg/ml), aprotinin (2 µg/ml), or phenylmethylsulfonyl fluoride (100 µg/ml).

The amount of protein was measured using Bradford protein assay reagent (Bio-Rad Laboratories, Hercules, CA). Equal amounts of proteins were electrophoresed and the resolved proteins were transferred to PVDF membranes. The bands containing p-eNOS, eNOS, PKG1, or β-actin were detected by enhanced chemiluminescence visualized on film (Amersham Biosciences, Buckinghamshire, UK).

NO and cGMP analysis
--------------------

The NO levels in HUVECs were measured with a NO detection kit (iNtRON Biotechnology, Seongnam-si, Korea) at 540 nm according to the manufacturer\'s instructions.

The cGMP levels in aortic strips were measured with cGMP direct immunoassay kit (Abcam, Cambridge, UK). Each frozen tissue was weighed and five volumes of 0.1 M HCl were added. The sample was homogenized on ice using a homogenizer, the tissue extract was centrifuged at 12,000 × *g* for 5 min, and the supernatant was collected. The supernatant was assayed directly at 450 nm according to the manufacturer\'s instructions.

Statistical analysis
--------------------

All data points are represented as mean ± S.D. of experiments conducted at least in triplicate. Differences between treatment groups were examined using a paired Student\'s t-test. *P* \< 0.05 was considered significant.
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![Structure of cinnamyl alcohol. Molecular formula, C~9~H~10~O; Molar mass, 134.17 g/mol.](emm-44-749-g001){#F1}

![Effects of CAL on the cell viability of HASMCs and HUVECs. Cells were treated with CAL (0.4, 0.6, 1, and 2 mM) for 24 h. Cell survival rate was determined by the XTT assay. Changes in survival are represented as percentages of normal control. Bars represent the mean ± S.D. from at least three independent experiments.](emm-44-749-g002){#F2}

![Endothelium and NO dependency of vasodilatory effects of CAL on the PE-induced contraction of rat thoracic aorta. (A) Vasodilatory effect of CAL in the presence (○) and absence (■) of endothelium in rat aorta. (B) NO-dependent vasodilatory effect of CAL in response to pretreatment with N^G^-nitro-[L]{.smallcaps}-arginine methyl ester ([L]{.smallcaps}-NAME; 10^-4^ M; ■). (C) sGC-dependent vasodilatory effect of CAL in response to pretreatment with methylene blue (MB; 10^-5^ M; ■) and 1 H-\[1,2,4\]-oxadiazolole-\[4,3-a\] quinoxalin-10-one (ODQ; 10^-6^ M; □). (D) pGC-dependent vasodilatory effect of CAL in response to pretreatment with atrial natriuretic peptide (ANP; 10^-8^ and 10^-9^ M). Relaxation values are indicated as the percentage of decrease in maximal tension in response to PE. Each marker represents the mean ± S.D. from at least three independent experiments. ^\*^*P* \< 0.01, ^\*\*^*P* \< 0.001 compared with Control.](emm-44-749-g003){#F3}

![Effect of CAL on NO synthesis in HUVECs. (A) Western blots for Ser^1177^-phosphorylated eNOS (p-eNOS) or total eNOS in whole cell extracts. Typical blots are shown above the expression bar chart. (B) The concentration of NO was assessed by measurement of nitrite. Data are shown as mean ± S.D. of three independent experiments. ^\*^*P* \< 0.05 compared with normal.](emm-44-749-g004){#F4}

![Effects of CAL on cGMP production in PE-contracted aortic strips with intact endothelium. Ach and [L]{.smallcaps}-NAME are used as positive and negative controls, respectively. Each value represents mean ± S.D. of four experiments. ^\*\*^*P* \< 0.005 compared with PE; ^\#\#^*P* \< 0.01 compared with 0.6 mM CAL.](emm-44-749-g005){#F5}

![Effect of CAL on the activation of PKG in rat aorta. (A) Western blots for PKG1 in whole aortic ring extracts. Total protein was normalized to actin. Typical blots are shown above the expression bar chart. (B) Effect of CAL on calpeptin-induced vasoconstriction. (C) Effects of CAL on K^+^ channel inhibitor (Gli, 4-AP, TEA) treatments in PE-precontracted rat aorta. Data represents the mean ± S.D. from at least three independent experiments. Ach and Y-27632 are used as positive control and [L]{.smallcaps}-NAME is used as negative control. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.001 compared with PE or calpeptin; ^\#^*P* \< 0.001 compared with 0.6 mM CAL. Gli, glibenclamide (10^-5^ M); 4-AP, 4-aminopyridine (2 × 10^-4^ M); TEA, tetraethylammonium (10^-3^ M).](emm-44-749-g006){#F6}

[^1]: ^\*^These authors contributed equally to this work.
